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Optical Stark effects in the multiple exciton states at a stacking-fault plane in Bil; crystals
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We present the observation of an optical Stark effect on multiple exciton states localized at a
stacking fault in layered crystal Bil;. The level anticrossings concerning the crystal ground state as
well as the multiple exciton states are clearly seen in the wide range of excitation laser frequency
from off to on resonance of the exciton states. This result is well described based on the dressed-
multiple-exciton model. An additional spectral change is also discussed in connection with real ex-

citon population.

The spectral properties of matter are modified by their
dynamical coupling with a photon field. The induced lev-
el shift is known as the optical Stark effect (OSE), which
has been extensively studied in atomic and molecular sys-
tems. Frolich, NGthe, and Reimann succeeded in observ-
ing the spectral change of the 2p yellow-series exciton
line in Cu,O due to the OSE under the existence of an ir
laser field tuned to the energy interval between the 1s and
the 2p levels.! The first observation of dynamical cou-
pling between an exciton state and the ground state (exci-
tonic OSE) by a strong photon field was reported in semi-
conductor quantum-well structures.” Under the excita-
tion below the intrinsic exciton resonance, the excitonic
absorption peak shows an ultrafast blue shift accom-
panied by a bleaching,® a result which has currently at-
tracted attention from an optical device.®> The excitonic
OSE is also an important theme as a fundamental prob-
lem of nonlinear optics in nonmetallic solids in which
coherent excitation often plays an important role. The
coherent strong-field phenomena of optically excited
states in condensed matter are considerably different
from corresponding ones in atomic systems, which has
been investigated theoretically.*> However, the detailed
observation of the excitonic OSE has not sufficiently been
achieved in semiconductor crystals, because broad
linewidths and overlapping of higher-energy states in typ-
ical exciton spectra make it hard to clarify the details of
the OSE in solids.

In this Brief Report, we report on the OSE in a system
consisting of multiple-exciton states localized at a stack-
ing fault in layered Bil; crystals; they are called stacking
fault excitons (SFE’s).® The main profiles of OSE can be
described by the photon-dressed level model. Besides, the
additional nonlinear effects concerning the virtual and
real exciton population under the excitation by strong
field are clearly resolved for the first time. The SFE’s ap-
pear as a set of sharp absorption lines denoted by R, S,
and T close to the bulk indirect exciton absorption edge
as shown in Fig. 1(a). Although the absorption intensities
of the R, S, and T lines depend on both the number and
area of the stacking fault of each sample, they always ap-
pear at the same energy positions with the energy inter-
vals of a few meV having almost constant intensity ratios
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(R:S:T~4:2:1).° The bulk exciton in Bil, has a strong
Coulomb coupling resulting in a small exciton radius, and
the wave function of relative motion is nearly confined
within the unit cell. The electronic states have been well
described by the cationic exciton model, in which lower-
lying exciton states originate in the transition from 6s to
6p states in the Bi*" cation.” The SFE states can be de-
rived from the lowest-lying bulk exciton states by the per-
turbation of the stacking fault. In Bil; crystals, a stack-
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FIG. 1. (a) SFE absorption spectrum near the fundamental
absorption edge in Bil; at 4.2 K. R, S, and T denote the ab-
sorption lines of SFE’s; 4., the absorption step due to the bulk
indirect exciton transition (Ref. 6); P, the exciton transition due
to a polytype effect (Ref. 14). (b) Absorption spectra of the
lowest exciton T for several pumping-laser photon energies #iw,
in enlarged scale; the lowest one is the absorption spectrum
without laser excitation.
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ing fault uniformly distorts the unit-cell symmetry in
macroscopic area along the stacking fault plane and in-
duces the energy localization and splitting from the bulk
exciton states.” Thus, the SFE’s have rather large bind-
ing energies and large oscillator strengths compared to
that of the direct bulk exciton transitions®® reflecting the
characteristics of bulk exciton. The large binding ener-
gies isolate the exciton line spectra from the unbound
electronic excitation region, which allows us to observe
the excitonic OSE without worrying about free carrier
effects when the pump-laser frequency is in the exciton
region.

As seen in Fig. 1(a), the R, S, and T lines have ex-
tremely narrow linewidths without higher energy tails;
that of T line in the sample used in this study is ~0.1
meV at 4.2 K. Furthermore, very sharp resonant
luminescence lines appear without Stokes shift. A typical
decay time constant on T luminescence is ~1 nsec.'”
These facts verify that respective exciton-photon trans-
formations occur directly at k=0 and the indirect pro-
cess is negligibly small.!' In addition to these facts, the
resonant luminescences of SFE extending over the excit-
ing laser spot have been observed throughout the macro-
scopic area by space-resolved spectra.!? This result shows
the two-dimensional homogeneity of the stacking fault in-
terface. Thus, the SFE states can be regarded as an ideal
quasi-two-dimensional exciton system. Such characteris-
tic spectral features of SFE’s are favorable for us to study
the coherent and incoherent excitation of exciton with in-
tense photon field by the observation of fine OSE.

The exciton-exciton interaction of SFE has been ob-
served under relatively low exciton density.!""!® In a pre-
vious paper, it has been suggested that the observed
peak-energy shift for the off-resonance excitation would
be related with an OSE.® In the present study, we show
detailed observation and analysis of the characteristic
OSE in the system of multiple SFE states, where the spec-
tral change of SFE is investigated in the wide excitation
energy range of off- and on-resonance SFE states.

A dye laser (Rhodamin B) pumped by a pulsed N, laser
was used for the pump beam. The laser beam was fo-
cused on the sample surface to less than 1 mm in diame-
ter, which corresponds to the power density of
~1.5X10° W/cm? The fluorescence from the dye cell
was used for the probe light which has broad wavelength
distribution covering the SFE transition region with the
same time duration as the pump laser pulse of 7 nsec.
The two beam paths were adjusted accurately to be coin-
cident at the sample surface. The samples were immersed
in a liquid-helium bath and the measurements were per-
formed at 4.2 K.

On the same sample as for the absorption measurement
presented in Fig. 1(a), the spectral charge was measured
under the pump laser excitation. The spectral change of
the T line for various excitation laser photon energy %o,
is shown in Fig. 1(b) with enlarged photon energy scale.
The lowest spectrum is the absorption spectrum without
laser excitation (E=0), which coincides with that usually
obtained. For lower energy excitation than T resonance
#iwo r(=1.9856 eV), the absorption peak shifts to blue. As
#w; approaches #iwr, the blue shift becomes large and
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the absorption intensity reduces. When #iw; increases
beyond fiwr, the peak shift changes from blue to red
discontinuously. The same feature of spectral change on
the T line was also observed at .S resonance 7w (=1.9898
eV) and R resonance #iwg(=1.9950 eV). The S and R
lines exhibit similar #iw; dependence of spectral changes.
Figures 2(a)—2(c) show the #w; dependences of the peak
shift values of the R, S, and T lines, respectively. The
conspicuous features of observed results under the same
exciting density are summarized as follows. (1) Resonant
enhancement of the peak shift and the discontinuous
peak-shift jump of the T line takes place for #iw; around
and at all SFE resonances as shown in Figs. 1(b) and 2(c).
Similar %w; dependence of the peak shift on the R and S
lines was also obtained as shown in Figs. 2(a) and 2(b), re-
spectively. (2) The amount of peak-shift jump decidedly
depends on the resonance energies; the large peak-shift
jump occurs when the state itself is excited resonantly.
As seen in the T line [Fig. 2(c)], the peak shift shows the
largest jump for the resonant excitation at #iw,. In the
same manner, the large peak-shift jumps of the R and S
lines appear at #iwy and fiwg, respectively [Figs. 2(a) and
2(b)]. (3) In addition to such dispersionlike variation of
peak shifts, a uniform peak shift in each line to the
higher-energy side can be resolved about #iw;. This addi-
tional blue shift becomes larger on the T, S, and R lines
in order. (4) The absorption lines reduce their intensities
remarkably for the excitation close to all resonances. The
#w; dependence of T absorption intensity is shown in
Fig. 3, where the absorption intensity was normalized by
that of the unperturbed one. The normalized intensity
decreases to less than one half at each resonance energy.

The above results can be explained by the dressed-
exciton model of a composite four-level system interact-
ing with a monochromatic pump field of frequency w; .
The four-level system consists of R, S, and T exciton
states with k=0 and the ground state. We consider two
four-dimensional spaces. One is spanned by the product
states of ¢,=|a,N—1) and ¢5;=|G,N), a being R, S,
and T exciton states, G being the ground state, and N in-
dicating the number of photons of the pump-laser field.
The other is spanned by ¢,=|a,N) and ¥;=|G,N +1).
In the absence of the interaction, the state ¥; (¢g) is
weakly degenerate or degenerate with one of the states
¥, (¢,); the energy levels are illustrated in Fig. 4(a). The
eigensolutions of the exciton system combined with the
photon field can be obtained by diagonalizing the four-
dimensional Hamiltonian matrix for each space. By in-
troducing the dipole interactions between each exciton
and the ground state through the pump field as
VrG> Vs, and Vg, the matrix for the space {¥,, 9} is
written as

Yr Y Yr Yg
Yr | fiog 0 0 Vre
Yg 0 fiwg 0 Vse
¢T O O ’h(l) T VTG
Yo | Vre Vse Vre fioy
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FIG. 2. (a)-(c) #iw; dependences of peak-shift values of the R, S, and T lines, respectively; vertical dashed lines: the resonance en-
ergies of the R, S, and T excitons, respectively. Thin solid lines are eye-guides only. (d)—(f) The model calculation of the #iw; depen-
dences of peak-shift values by the dressed multiple exciton model. (See text.)

The Hamiltonian matrix for the space {¢,, ¢} is writ-
ten in the same form, where the energies of diagonal com-
ponents are shifted by the laser energy #iw;. Neglecting
the very small difference between V'N +1 and V'N for
the strong field, we can assume that V,;’s are the same
for both spaces. The energy levels of the dressed eigen-
states ¥,-¥,, and ®,-P, are schematically shown in
Fig. 4(b) as functions of #iw;. Solid arrows in the figure
indicate possible absorption processes of probe photons
due to transitions from initial states &, and ®; to final
states W,—¥, for #iw; around resonance of #iwy;. The en-
ergy shifts from the unperturbed states occur due to level
anticrossings between mixed states. Thus, the peak shift
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FIG. 3. Absorption intensity of the T line as a function of
fiw; . The intensity is normalized by that of the unperturbed 7°
line. Four lines are the calculated oscillator strength f;; of the
T line, i and j denote the suffix of wave function ¥; and ®,, re-
spectively, in Fig. 4(b). — — —, f3; — —-—- y faz; — o —,
fase oo Sfar

jumps from blue to red by turning the allowed transition
components with changing #fiw, beyond #wy. Then, for
resonance excitation of #iw, the peak shift of the T line is
caused by both of the anticrossings between final states
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FIG. 4. (a) Energy diagram of the multiple-dressed-exciton
states. ¥g, ¥s, ¥, and ¢g: the SFE and the ground states
with N photons; ¢r, ¢s, ¢7, and Ps: the SFE states with N —1
photons and the ground state with N+ 1 photons, respectively.
Upward arrows: the optical allowed exciton transitions. (b) En-
ergy scheme of the multiple exciton model as a function of #w, .
V¥, and @;: the diagonalized final and initial states; upward ar-
rows: the optical transitions between them.
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and between initial states. On the other hand, only the
initial-state anticrossing is responsible for the peak shifts
of S and R lines under this excitation. This result implies
that anticrossings of dressed exciton states and the
ground state by a strong photon field are observed with
clear separation for the first time. For higher energy ex-
citations than S and R states, a similar situation occurs
with changing #iw; beyond #iwg and fiwg, and the same
relation among the peak-shift jumps can be understood
qualitatively along this line. As shown in Figs. 2(d)-2(f),
the fiw; dependences of dispersionlike peak-shift values
can be reproduced by a common parameter value of
~0.2 meV for Vig, Vg, and Vg except for the uni-
form blue shift above #iw,. This value gives a fairly large
value of the dipole matrix element, which leads to a large
optical nonlinear susceptibility y'*.

Using the obtained values of Vig, Vg, and Vg, we
calculate the #iw; dependence of the oscillator strength

fij(Fiop)= (¥ (fiw )|P|®, (o, ) > (i,j=1,2,3,4) ;

P being the dipole moment. The result concerning the T
exciton is shown by four kinds of lines in Fig. 3. The cal-
culation well reproduces the experimental points for the
excitation at the lower-energy side of each resonance. At
the higher-energy side, the observed intensity reveals
more reduction from the calculated ones.

Consequently, the dressed-multiple-exciton model well
explains quantitatively the peak-shift jump and absorp-
tion reduction for each resonance. However, it is not val-
id for the additional blue shift and the larger amount of
absorption reduction above resonance. These results
must originate from the photocreated exciton population
which is intrinsic in condensed matter contrary to the
atomic system. Our laser power density,
1.5X10° W/cm?, corresponds to the photon number
5X 10! cm™2. The exciton density per unit volume
could be roughly estimated to be at the most 10%° cm™3
from the values of exciton lifetime, the absorption inten-
sity, and the effective thickness of the stacking fault
plane. On the SFE system, the exciton density may be
enough to give rise to the additional nonlinear effects by
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high-density exciton population. Within our simple mod-
el, the absorption intensity should represent just the oscil-
lator strength of the mixed product states. However, the
population change in the eigenstates concerned seriously
influences the absorption intensity. Among the four
states ®;, P, and ¥;,¥,, for instance, higher-lying ¥; or
®; has more population under the excitation at the
slightly higher side of T resonance, since it consists dom-
inantly of the ground state 5 or ¢,. Then, the popula-
tion relaxation from higher- (W¥; or ®;) to lower-lying
states (W, or ®,) reduces the transition intensity. This is
the case. Subsequently, the excessive absorption reduc-
tion may occur. Furthermore, by considering the fact
that the additional blue shift appears even in the virtual
excitation region at the slightly lower energy side of T,
the light-induced renormalization of the exciton states
caused by the virtual exciton creation* must also be taken
into account.

In this study, the optical nonlinear effects on the multi-
ple SFE states induced by the virtual and real processes
with the intense photon field have clearly been observed.
The main part of the nonlinear effects by virtual excita-
tion process can be quantitatively analyzed as an OSE by
the multiple-dressed-exciton model. The additional blue
shifts and the excessive absorption reduction can be un-
derstood from the viewpoint of photoinduced exciton
population. For more detailed studies on the interaction
between the photon field and exciton states in solids, the
SFE’s in Bil; should become a nice system, because the
extremely narrow line shape and the large optical non-
linearity make it easy to observe spectral changes under
the condition just below and above the resonance. Be-
sides, multiple levels provide the situation of on reso-
nance to one and off resonance to the other at the same
time. From the experimental as well as theoretical as-
pects, further insights of time dependence on the optical
nonlinear effect in this system are under investigation in
the ultrafast time domain.
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